This investigation focussed on the plasticity and swell-shrink behaviour of an expansive soil that was stabilized using electro kinetic stabilization (EKS) techniques with cationic fluids for enhancement of stabilization. 0.25 M solutions of calcium hydroxide and calcium chloride were used as cationic fluids. An electro kinetic (EK) cell of dimensions 500 mm x 150 mm x 160 mm with inert graphite electrodes of size 140 mm x 160 mm x 5 mm was adopted for the stabilization process, carried out at an applied voltage of 40 V over a period of 6 hours. After the duration of the test, stabilized soil sample was subjected to Atterberg limits and free swell tests to determine its plasticity and swell-shrink characteristics. The results of the investigation found that both fluids were capable of reducing the plasticity and swell-shrink behaviour of the soil with different levels of effectiveness.
INTRODUCTION
Expansive soils have long been known to be problematic due to their volume instability with variations in moisture content, resulting in disastrous effects for constructed infrastructure on top of them, especially lightly loaded structures. Such soils need to be engineered to make them volume stable to reduce their detrimental effects on structures. There are several methods available for stabilization of expansive soils, the most common being lime stabilization. However, in certain cases, the application of lime for treatment of such soft and expansive soils become difficult due to greater depth of the soil requiring treatment and poor hydraulic conductivity of the soils. Under such situations, Electro kinetic(s) (EK) method can be successfully adopted for stabilization of such soft and expansive soils. EK is an umbrella term used to denote the relationship between electrical potential and movement of water and charged particles [1] . The existence of such a phenomena was discovered due to the experiments conducted by a German scientist, Ferdinand Friedrich Reuss [2] . EK includes three major processes viz. electroosmosis, electrophoresis and electromigration [3] . Electroosmosis is the movement of pore fluid in a porous medium under applied voltage due to the development of hydraulic drag [4] . Electrophoresis is the movement of charged particles like clay minerals in a soilwater system. Electromigration is the migration of cations and anions towards the electrodes under the influence of the applied electric potential [5] . Apart from these, other allied phenomena include electrolysis, EK hardening and joule heating [1] . Since, the discovery of classic EK phenomena, other types like electroacoustics and diffusiophoresis have also been reported by researchers [2] . Electroosmosis is the most beneficial of all the EK processes as it has the capability to overcome limitations of extremely low flow in fine grained soils [1] . Early applications of EK was limited to dewatering and consolidation of soils as it is a well-known fact that water is directly related to the strength of the soil, its volume and movement of nutrients and contaminants. EK finds extensive applications in soil decontamination and remediation with extensive work done in the area. The first documented real life application of EK remediation for removal of salts from alkali soils was reported as early as in the 1930s from India [6] . Several researchers have worked on the use of EK in remediation of contaminated soils [5] , [7] - [11] . Karim [11] states that the success of EK in soil remediation and decontamination validates its ability as a cost effective and viable in-situ remediation technique. However, the use of EK for soil improvement have been rare and limited to electroosmosis according to Abdullah and Al-Abadi [3] . Mosavat et al. [12] also conclude that most of the studies using EK have focussed on soil remediation and very few have focussed on the improvement of the mechanical and engineering properties of soils. Unlike, EK remediation, electro kinetic stabilization (EKS) of soil specifically deals with the improvement in physical and geotechnical properties of the soil, that enhances or improves the suitability of the soil as a geotechnical material. The improvement in the physical properties are attributed to the various electrochemical effects like electroosmosis, electromigration, electrolysis that take place during application of an electrical gradient [13] . Thus, it may be noted that the application of EK method for soil remediation also invariably results in changes to the physical properties of the soil resulting in soil improvement. EKS is a combination of electroosmosis and chemical grouting [13] , wherein stabilizing agents are drawn into the soil by electroosmosis and electromigration and result in increased cementation. The major benefit of adopting EKS when compared to traditional mix in place treatment is that it enables remote treatment of the target soil layer without excavation [13] . There have been previous investigations where investigators have used stabilizing/enhancing agents for soil stabilization. The use of enhancing agents for improvement of soil during electroosmosis began in the 1990s [14] . Azhar et al. [13] state that these agents can be introduced from either anode or cathode of the EK cell, depending upon the ion to be fed. Ozkan et al. [15] used aluminium and phosphate ions for EKS of kaolinite. Alshawabkeh and Sheahan [16] investigated the stabilization of soft soil by electro-grouting using ionic amendments of phosphoric and nitric acids. Otsuki et al. [17] studied the feasibility of using anolyte and catholyte solutions in the electrochemical stabilization of a kaolinite soil. Abdullah and Al-abadi [3] investigated effect of Ca2+ and K+ ions as cationic stabilizing agents in EKS of a soil. Chien et al. [18] carried out laboratory investigations on the use of chemical solutions injection to improve soil by electroosmosis. Ranjitha and Blessing [19] investigated the effect of varying the concentration of cationic fluid and electrode combinations on the stabilization potential of EKS system. Moayedi et al. [20] attempted optimization of various stabilizing binders enhanced EKS to improve the physico-chemical properties of the soil. Traditionally, lime is used for stabilization of soft and expansive soils using mix in place techniques. In EKS, several investigators have adopted calcium chloride (CC) solution as cationic fluid [3] , [14] , [18] - [23] . In the available investigations on EKS in literature, a majority have concentrated on the shear strength of the stabilized soil [14] , [16] - [18] , [20] , [23] , whereas very few investigators have focussed on other properties like plasticity and swell [3] , [15] , [19] , [21] . Thus, in this investigation an attempt was made to compare the effect of traditional lime in the form of a solution of calcium hydroxide (CH) with a solution of CC, when adopted as cationic fluids for stabilization of a high plastic expansive clay, on its plasticity and swell-shrink properties. 
MATERIALS USED
A high plastic virgin expansive soil (VES), collected from Tiruvallur district of Tamil Nadu, India was adopted in the investigation. Laboratory grade CH and CC were adopted in the preparation of the cationic fluids for use in the investigation. Graphite electrodes supplied by M/s. Dhanalakshmi Industries, Chennai were used as anode and cathode in the investigation. The soil was characterized in the laboratory to determine its geotechnical properties and classified in accordance with the various codes of Bureau of Indian Standards (BIS). The properties of the soil determined from the laboratory characterization is tabulated in Table 1 . Table 1 . Geotechnical Properties of the Soil Property Value Specific Gravity [24] 2.67 Liquid Limit (%) [25] 66.2 Plastic Limit (%) [25] 26.3 Plasticity Index (%) 39.9 Shrinkage Limit (%) [26] 9.0 Free Swell Index (%) [27] 121.4 Maximum Dry Density (kN/m 3 ) [28] 15.4 Optimum Moisture Content (%) [28] 16.7 Soil Classification [29] CH
EXPERIMENTAL SETUP
The EK cell adopted in the investigation was prepared using a glass case, graphite electrodes and an electric circuit board prepared to convert AC supply to DC supply. The experimental set up consisted of a glass chamber which is separated into three chambers viz. an anode chamber, a soil chamber and a cathode chamber, by the insertion of the electrodes in the guide frames provided for the installation of electrodes. The EK cell had a dimensions of 500 mm x 150 mm x 160 mm made with 5 mm thick glass panels. The length of the soil specimen in soil chamber was 150 mm. The anode and cathode compartments were each provided with a hole for flushing of the chambers and removal of dewatered liquid. The electrodes adopted in the investigation were inert graphite electrodes of dimensions 140 mm x 160 mm x 5 mm. 3 mm diameter holes were drilled into the graphite electrode at a vertical and horizontal spacing of 20 mm to allow the cationic fluid to be drawn into the soil and water to be drawn out of the soil from the cathode during the EK process. Electric circuitry was adopted to step down the AC voltage of 220 V coming from the AC mains to a constant DC voltage of 40 V, by means of a step-down transformer, a bridge rectifier and a shunt capacitance filter. Figure 1 shows the experimental set up adopted in the investigation. 
METHODS
The soil sample passing through BIS 425-micron sieve was adopted in the investigation. 2 kg of sieved soil sample at a water content of 60% was prepared for each trial by careful manual mixture of soil and water such that a smooth soil paste was obtained without any lumps. The electrodes were inserted into the slots provided and filter paper was placed on the interiors of the graphite electrodes in the soil chamber. This was done to prevent the movement of soil particles across the holes drilled in the electrodes and ensure clog free movement of fluid. The soil paste was then placed in layers for uniform deposition of soil. The strength of both the cationic fluids was fixed as 0.25 M and 3.5 litres of each fluid was prepared for every trial and poured into the anode chamber for conducting the EKS experiment. For the purpose of simplicity and recognition, CH fluid stabilized soil was designated as EKSCH and CC fluid stabilized soil was designated as EKSCC. The electrodes were then connected to the circuit by means of clamps and a voltage of 40 V was applied to the specimen for a period of 6 hours. At the end of the six hours, the power supply was disconnected and the entire soil specimen was removed from the soil chamber and thoroughly mixed manually to get an even mix. The mixed soil was then air dried for a period of 24 hours followed by oven drying for another 24 hours at 110oC. This soil was then pulverized and sieved through BIS 425-micron sieve and then was used to determine the plasticity and swell-shrink of the soil by conducting Atterberg limits, and free swell index in accordance to codes of BIS. Three trials were conducted for each test and the average was reported as the result of a particular test.
RESULTS AND DISCUSSION
The investigation involved the determination of the effect of cationic fluid enhanced EKS on the plasticity and swell-shrink of an expansive soil. The effect of EKS on the plasticity was evaluated by conducting the liquid limit and plastic limit test in accordance with BIS code [25] and determining the plasticity from the result of the tests. The effect on swell-shrink behaviour was determined by conducting the free swell index test [27] and the shrinkage limit test [26] both in accordance to BIS codes. Similar combination of free swell and shrinkage limit has been adopted Figure 2 . shows the variation of the liquid limit of the VES after EKS using CH and CC cationic fluids. and Karunakaran Kamal PRASATH
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Fig 2. Liquid Limits of VES before and after EKSCH and EKSCC
It can be seen that the use of both cationic fluids has resulted in a reduction in liquid limit of the VES. However, it can be seen that CC stabilized VES resulted in a better reduction in liquid limit when compared to CH stabilized VES. The liquid limit reduced from 66.2% for the VES to 60.6% for EKSCH, whereas it reduced to 45.4% for EKSCC. Thus, it is clear from the results that EKSCC is better in reducing the liquid limit when compared to EKSCH. CH is able to reduce liquid limit by just around 6% whereas CC is able to reduce the liquid limit by more than 20%. Thus, CH is able to achieve a percentage reduction (with respect to original liquid limit) of just 8.5% whereas CC is able to achieve close to 31.5%. It is well known that the reduction in liquid limit due to the addition of lime to an expansive soil is due to short term reactions taking place between the soil and lime including cation exchange and flocculation agglomeration of clay [30] . However, in the present case, the effect of similar concentrations of CH and CC produced different results with CC fluid resulting in a significantly reduced liquid limit in the case of EKSCC. The inherent reactions in the case of CC stabilization is also same with cation exchange taking place. But, the enhanced effect of CC can be attributed to its ability to readily dissolve in water to produce a charged supernatant liquid compared to lime which helps in ready cation exchange reactions [31] . Figure 3 shows the effect of the cationic fluids on the plastic limit of VES. It can be seen that EKS of VES results in an increase in plastic limits for both CH and CC fluids. However, just like the trend in the case of liquid limit, in the case of plastic limit as well, the increase in plastic limit due to CC fluid is higher than that of CH fluid. The plastic limit increased from 26.3% to 28.4% for CH fluid whereas it increased to 30.3% for CC fluid. Thus, the increase in plastic limit achieved by EKSCC is almost double that of EKSCH. In terms of percentage increase in plastic limit (with respect to original), EKSCH resulted in a 7.9% increase in plastic limit whereas EKSCC resulted in a 15.3% increase in plastic limit of the stabilized soil. Figure 4 shows the effect of CH and CC fluids on plasticity of EKS of VES. It can be seen that the combined effect of reduction in liquid limit and increase in plastic limit has resulted in a reduction in plasticity of the stabilized soil for both CH and CC stabilized soil. Azhar et al. [21] and Abdullah and Abadi [3] reported a reduction in plasticity index of the soil due to EKS using enhancement fluids like calcium chloride whereas Ozkan et al. [15] reported a contrasting trend of increase in Atterberg limits due to EKS when using aluminium and phosphate ions injection. The plasticity index of EKSCH reduced to 32.2% from the initial value of 39.9% for VES, whereas it reduced to 15.1% for EKSCC, a drastic reduction in plasticity index, predominantly due to the reduction in liquid limit. In terms of percentage reduction (with respect to original plasticity index), the reductions were 19.2% and a huge 62.2% for the former and latter respectively. The reduction in plasticity of the VES due to CH and CC fluids are predominantly due to cation exchange [30] , [32] , reduction in thickness of diffused double layer with increase in electrolyte concentration [33] , increase in viscosity of pore fluid due to adsorption of calcium ions [33] . Injection of CC into the soil results in an enhanced electrical conductivity and hydration of cations, which cause more adsorbed water along with cations to move towards cathode resulting in a greater improvement of the soil [18] , [20] . This coupled with ion exchange and flocculation may be the reason for the enhanced effectiveness of the CC fluid in EKS. Figure 5 shows the effect of EKSCH and EKSCC on the classification of the VES. It is clear that the EKS results in a change in classification of the VES. Due to the enhanced effect of CC fluid over CH fluid, the former results in significant change in the classification status of the VES when compared to the latter. The classification of VES does not change due to EKSCH with the both being classified as clay of high plasticity, EKSCH is able to move the position of the plot point on the plasticity chart. On the other hand, the significant reduction in the liquid limit and plasticity index of the CC stabilized soil has resulted in 
PLASTICITY AND SWELL-SHRINK BEHAVIOUR OF ELECTROKINETICALLY STABILIZED VIRGIN EXPANSIVE SOIL USING CALCIUM HYDROXIDE AND CALCIUM CHLORIDE SOLUTIONS AS CATIONIC FLUIDS
137
EKSCC classification moving from clay of high plasticity zone to silt of intermediate plasticity zone, which is a major change in classification of the VES. Thus, according to BIS classification, EKSCC has resulted in a significant change in the characteristics of the soil to be classified as silt of intermediate plasticity. Figure 6 shows the effect of EKS on the free swell of VES using CH and CC fluids. It is clear from the graph, that both EKSCH and EKSCC are capable of reducing the free swell of the VES. However, in contrast to the influence on plasticity, the influence on swell due to EKSCH and EKSCC is completely opposite. EKSCH is capable of a better swell control when compared to EKSCC. The swell of VES reduces from 121.4% to 100% when EKSCC is adopted. However, in the case of EKSCH, the same swell reduces further to 73.4%. The quantum of reduction in swell because of CH is more than double that of CC fluid. and Karunakaran Kamal PRASATH
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Fig 6. Free Swell of VES before and after EKSCH and EKSCC
In terms of percentage reduction in swell (compared to original free swell), CH reduces the swell by 39.6% whereas CC is capable of only a 17.6% reduction in swell. Reduction in swell indicates an improvement in soil properties due to EKS. Thus, it can be concluded the EKSCH and EKSCC are effective in swell control of an expansive soil. But the swell control trends were opposite to that of reduction in plasticity with CH resulting in a greater reduction in swell compared to CC. This was in contrast to the result reported by Abdullah and Abadi [3] who reported CC to be more effective in swell control when compared to CH fluid. Figure 7 shows the effect of EKSCH and EKSCC on the shrinkage limit of VES. The trends in improvement of shrinkage limit were also similar to that of free swell index wherein EKS resulted in an increase in the shrinkage limit, with EKSCH performing better when compared to EKSCC. The shrinkage limit increased from 9% for VES to 12.8% for EKSCC and 16% for EKSCH. It can be seen that the increase in shrinkage limit for EKSCH is close to double that of the increase for EKSCC. In terms of percentage increase (with respect to original shrinkage limit), the EKSCC gives a 42.4% improvement in shrinkage limit whereas EKSCH is capable of a 77.5% improvement in shrinkage limit. Increase in shrinkage limit is a clear indication of the improvement in the shrinkage behaviour of the soil. James and Pandian [34] state that increase in shrinkage limit results in reduction in the range over which volume change can occur due to loss of moisture, thereby reducing the volume change zone. 
A Comparative Evaluation
To study the extent of improvement achieved due to the use of cationic fluids in EKS for the present soil, an attempt was made to compare the effect of improvement achieved with results of earlier investigations. Since very few investigations have focussed on the plasticity and swell-shrink of the soil, the number of investigations available for comparison were limited. In the available investigations, only those investigations were considered which used either CH or CC as cationic fluid for EKS. Specifically, three investigations done by Abdullah and Abadi [3] , Azhar et al. [21] and Ranjitha and Blessing [19] were considered for the comparison as all three investigations adopted CC fluid as one of their/only cationic fluid for EKS. According to Page and Page [35] , electrolyte composition, pH, electrical conductivity, field strength, water content, soil chemistry, soil structure, nature and arrangement of electrodes are some important factors influencing EK. The three investigations adopted different soil, applied voltage, electrolyte concentration and duration of testing. All three investigations had reported the electrolyte concentration adopted for the cationic fluid, the applied voltage or field strength and the duration of the EKS. In order to bring all the investigations to a more level field of comparison, the reductions achieved for plasticity and swell were likened. The shrink parameter could not be compared as none of the selected investigations had focussed on the shrinkage behaviour of the soil. The reduction ratio was calculated as the ratio of the reduction in plasticity or swell to the original value expressed in %. This reduction ratio was adjusted for the applied voltage and the electrolyte concentration adopted in the present investigation. The data was not normalized for duration of testing due to non-linear relationship between the duration and stabilization or improvement achieved and extreme variations in the durations adopted by the various studies considered. Since, the present investigation determined the average values of plasticity and swell, the data reported by Abdullah and Abadi [3] as well as Azhar et al. [21] for different locations within the soil were combined to obtain a single average data for the purpose of comparison. Figure 8 shows the comparison of the normalised percentage reduction achieved in plasticity of the soil after EKS in various studies considered. Azhar et al. [21] and Ranjith and Blessing [19] had adopted only CC fluid in their investigations. It can be clearly seen that CC fluid adopted in the present study gave the maximum reduction in plasticity compared to all the four studies. The reduction in plasticity achieved was 62.2% followed by 12.6% in the study conducted by Ranjith and Blessing [19] . The least reduction in plasticity was found to be in the case of Azhar et al. [21] at 3.9%. The other major difference noticed is the huge difference in improvement achieved between CH and CC fluid compared to the work done by Abdullah and Abadi [3] . They reported more or less same effect on plasticity due to CH as well as CC fluids with the plasticity reductions being 6.25% and 6.04% respectively. This may be due to the difference in soil composition and chemistry. Figure 9 shows the comparison of the normalised percentage reduction in free swell achieved in the various studies considered. Azhar et al. [21] had not focussed on the swell of the soil in his investigation. It is clear that the maximum reduction in swell in achieved by CC fluid in the work done by Ranjith and Blessing [19] . The reduction in free swell achieved was 65.7% when compared to 17.6% in the present study for CC fluid. However, CH fluid was able to achieve a reduction of 39.6% for the soil under investigation. In the case of the work done by Abdullah and Abadi [3] , it is seen that just like in the case of plasticity, in the case of free swell as well there was no big difference in the performance of CH and CC fluids with the swell reduction being 25.2% and 26.5% for CH and CC fluids respectively. This was in contrast to the effect of the two fluids on the present soil wherein both fluids gave significantly different results for both plasticity and swell. On closer observation, it may be noted that in the work done by Abdullah and Abadi [3] , CH fluid gave a marginally better reduction in plasticity whereas CC fluid performed better in the case of swell control. A similar trend was observed in the present study as well but with the difference that CC performed well in plasticity reduction while CH performed better in swell control. This may be again due to the difference in soil composition and chemistry. Thus, it is possible to state that effectiveness of improvement of soils will vary with the cationic fluid despite the cation in question being the same. Secondly, it is also possible to state, though with lesser amount of certainty, that different cationic fluids have varying effects on different properties of the soil like plasticity and swell-shrink, subject to soil composition and chemistry. This needs to be verified with more detailed investigations using different cationic fluids focussed on different sets of properties of various soils.
CONCLUSIONS
The investigation focussed on the effect of using two different cationic fluids namely CH and CC fluids on the plasticity and swell-shrink behaviour of an electrokinetically stabilized expansive soil. Based on the review of earlier studies and the results of the present investigation, the following points may be concluded: (i) Very few investigations have been carried out in EKS of soils using cationic fluids despite EKS providing the advantage of remote stabilization of soils. In the few investigations carried out, CC fluid has been, by far, the most common cationic fluid adopted for EKS. Majority of the investigations focus only on the improvement of shear strength whereas little focus has been put upon other properties like plasticity and swell-shrink behaviour.
(ii) EKS of the VES with CH and CC fluids resulted in a reduction in plasticity of the soil from 39.9% to 32.2% and 15.1% amounting to a percentage reduction of 19.2% and 62.2% respectively, with respect to the plasticity of VES. It can be concluded that CC fluid is more effective in reducing the plasticity of the soil when compared to CH fluid. Due to the effectiveness of CC fluid in plasticity reduction, it is capable of also changing the classification of the expansive soil from high plastic clay to silt of intermediate plasticity, which CH fluid is unable to achieve. (iii) EKS of VES with CH and CC fluids reduced the swell-shrink behaviour of the expansive soil by reducing the free swell and increasing the shrinkage limit. The reduction in free swell was of the order of 39.6% and 17.6% respectively for CH and CC fluids whereas in shrinkage limit was 77.5% and 42.4% respectively, all with respect to the original values of VES. Based on the swell-shrink results, it can be concluded that CH fluid is better capable of stabilizing the swell-shrink behaviour when compared to CC fluid for the soil under investigation, which contrasts the stabilized plasticity behaviour of the same with CH and CC fluids.
(iv) Based on the comparative evaluation of the present study with similar previous studies, it can be stated that the effectiveness of the improvement achieved using cationic fluids depends upon the fluid used despite the cation being the same. It can also be stated that the different fluids can have varying degree of effects on the diverse properties of a soil, though more detailed investigations with different fluids and soils are required to come to concrete conclusions to this effect.
In short, it can be stated that EKS using cationic fluids can be used effectively for target modification of different properties of the soil by carefully selecting the fluid for the purpose of modification expected.
